Although the presence of an exogenous anion is a requirement for tight Fe 3؉ binding by the bacterial (Neisseria) transferrin nFbp, the identity of the exogenous anion is not specific in vitro. nFbp was reconstituted as a stable iron containing protein by using a number of different exogenous anions [arsenate, citrate, nitrilotriacetate, pyrophosphate, and oxalate (symbolized by X)] in addition to phosphate, predominantly present in the recombinant form of the protein. Spectroscopic characterization of the Fe 3؉ ͞anion interaction in the reconstituted protein was accomplished by UV-visible and EPR spectroscopies. The affinity of the protein for Fe 3؉ is anion dependent, as evidenced by the effective Fe 3؉ binding constants (K eff) observed, which range from 1 ؋ 10 17 M ؊1 to 4 ؋ 10 18 M ؊1 at pH 6.5 and 20°C. The redox potentials for Fe 3؉ nFbpX͞ Fe 2؉ nFbpX reduction are also found to depend on the identity of the synergistic anion required for Fe 3؉ sequestration. Facile exchange of exogenous anions (Fe 3؉ nFbpX ؉ X 3 Fe 3؉ nFbpX ؉ X) is established and provides a pathway for environmental modulation of the iron chelation and redox characteristics of nFbp. The affinity of the iron loaded protein for exogenous anion binding at pH 6.5 was found to decrease in the order phosphate > arsenate ϳ pyrophosphate > nitrilotriacetate > citrate ϳ oxalate Ͼ Ͼ carbonate. Anion influence on the iron primary coordination sphere through iron binding and redox potential modulation may have in vivo application as a mechanism for periplasmic control of iron delivery to the cytosol.
I
ron transport across a membrane, whether by human or bacterial cells, is of tremendous consequence to human health (1, 2) . Inefficient human iron transport is associated with anemia. By contrast, excessive iron accumulation in specific human tissues promotes infectious, neoplasic, cardiomyopathic, arthopathic, endocrine, and, possibly, neurodegenerative disorders (3) . Likewise, the correlation of high-affinity bacterial iron-acquisition systems with infectious disease has been well established (4) . In either case, the fundamental challenge of efficient iron transport is moving iron from one side of a membrane to another (5) . This process is typically initiated by binding naked (hydrated) iron or chelated iron (siderophore, citrate, or heme bound iron) to a specific binding protein (4) . By inference, the process of iron association and release by these binding proteins may be the rate-limiting step in membrane iron transport, suggesting that a thorough description of this process may be critical to the understanding of efficient iron transport within an organism.
Two general classes of iron-binding proteins involved in the process of iron transport have been described in the literature: eukaryotic transferrin that transports iron in the circulation for delivery to cells and the bacterial transferrin that functions in the transport of iron between the outer and cytoplasmic membranes of Gram-negative bacteria. The ferric binding proteins (Fbp) have been identified in Haemophilus influenzae (hFbp), Neisseria gonorrhoeae, and Neisseria meningitidis (nFbp) (4) . Fbp is referred to as a bacterial transferrin because: (i) orthologs of Fbp are expressed by many bacteria (6) (7) (8) (9) (10) ; (ii) the crystal structure of Fbp exhibits a similar structural fold as each transferrin lobe (11) (12) (13) (14) (15) (16) ; (iii) the constellation of assembled Fe 3ϩ -coordinating residues are almost identical to human transferrin (11, (13) (14) (15) (16) (17) ; and (iv) both transferrin and Fbp use a synergistic anion in iron binding (11, (13) (14) (15) (16) 18) . Despite these remarkable similarities, differences between iron binding by transferrin and Fbp exist. We have previously demonstrated that iron binding by nFbp is sensitive to reduction that is in the range of NAD-driven reductases and have estimated that Fe 2ϩ is bound by nFbp at significantly reduced affinity relative to Fe 3ϩ (19) . This has provided a compelling argument that a reductase may be an integral component of Fbp-mediated iron transport.
This study systematically describes the influence of synergistic anions on Fe 3ϩ binding to Fbp. In this report, we demonstrate that the UV-visible (UV-vis) and electron paramagnetic resonance spectra of reconstituted nFbp, the redox potential of iron within the protein and its effective binding constant, are dramatically altered by the nature of the synergistic anion. These findings are significant to the biology of Fbp-mediated iron transport for iron delivery to the cytosol, suggesting that the composition of the periplasmic space, and therefore the identity of the synergistic anion in the holo protein, may be important in modulating the uptake and release of iron to the cytosol.
Materials and Methods
Isolation and Purification of nFbp. Recombinant nFbp was prepared as described (19, 20 3 were slowly pipetted into the mixture and allowed to equilibrate for 30 min and stored at 4°C overnight. A UV-Vis spectrum was taken before and after storage, and additional Fe(ClO 4 ) 3 was added until no changes in spectra were observed. Excess iron present as insoluble Fe(OH) 3 was removed by using a syringe-driven 0.45 M filter unit (Millex, Millipore). The resulting solution was dialyzed three times against 0.05 M Mes͞0.2 M KCl, at pH 6.5, and stored at 4°C. The final concentration of protein was determined by using the absorbance value at 280 nm. Fe nFbp-nitrilotriacetate (NTA) were analogously prepared by using 1.2 equivalents of FeX (X is citrate or NTA) in place of Fe(ClO 4 ) 3 .
The extinction coefficient used in this study for holo-Fbp was 280 ϭ 5.11 ϫ 10 4 M Ϫ1 ⅐cm
Ϫ1
. The value for apo-Fbp is Ͻ10% lower than that of the holo-protein. This small difference in absorptivity at 280 nm does not influence the interpretation of the data presented in this study. Extinction coefficients, , were calculated at the respective max values for each Fe 3ϩ nFbpX complex assuming fully saturated iron(III) protein, as established by subsequent addition of greater than stoichiometric amounts of iron without further change in spectra. These data are presented in Table 1 . Spectra were obtained by using a CARY 100 Bio UV-Vis-NIR spectrophotometer (Varian) at 20.0 Ϯ 0.1°C. EPR Characterization of Fe 3؉ nFbpX. X-band EPR spectra of Fe 3ϩ nFbpX complexes were recorded by using a Bruker (Billerica, MA) 200D spectrometer with ESP300 upgrade and an ER 4111 VT variable temperature controller set at 100 K. Microwave power was 10 mW and modulation amplitude was 1 mT in all spectra. Spectral amplitudes were normalized to approximate equality. nFbp(cit). Briefly, a series of solutions containing 129 mM of Fe 3ϩ nFbp(cit) in 0.05 M Mes buffer͞0.2 M KCl (pH 6.5) was equilibrated at 20°C in the presence of 50-110 mM citrate. The concentration of Fe 3ϩ nFbp(cit) at equilibrium was calculated from the absorption spectrum (Table 1 ). The equilibrium concentration of Fe aq 3ϩ and the effective binding constant, KЈ eff , were derived by using previously described methods (23) . As a test of method 1, KЈ eff determined by using this method for the phosphate form of the protein, Fe 3ϩ nFbpPO 4 , was found to be in good agreement with that determined previously by equilibrium dialysis using labeled FeCl 3 (19) , when accommodation is made to account for the difference in conditions.
In method 2, a competition equilibrium between Fe 3ϩ nFbpX and EDTA, pH 6.5, 0.05 M Mes, 0.2 M KCl, and 20°C, as illustrated in reaction 2, is monitored spectrophotometrically.
A 5 mM EDTA solution was prepared in a buffer solution containing 0.05 M Mes and 0.2 M KCl (pH 6.5). The initial and the final concentrations of the Fe 3ϩ nFbpX complexes (prepared as described above) were determined spectrophotometrically by monitoring the absorbance at their respective max ( Table 1 ). The total protein (holo ϩ apo) concentration was determined by monitoring the absorbance at 280 nm. A 5 mM stock solution of EDTA was prepared, and aliquots were added to the Fe 3ϩ nFbpX complex (initial concentrations 155-286 M) at ratios varying from 1:0.5 to 1:10 (protein:EDTA). The KЈ eff for Fe 3ϩ nFbpX (X is phosphate, arsenate, pyrophosphate, citrate, NTA, or oxalate) were calculated by using Eq. 3, The ␤ 110 FeEDTA at pH 6.5 was calculated from known equilibrium constants for the Fe aq 3ϩ ͞EDTA system (24) by using mass balance equations involving the usual Ringbom's coefficients (25) . Results obtained for phosphate and citrate by using method 2 are consistent with results derived from method 1, and with the equilibrium dialysis method described in ref. 19 .
Spectroelectrochemistry. Spectroelectrochemistry of reconstituted Fe 3ϩ
nFbpX with different exogenous anions was conducted as described (19) , using an anaerobic optically transparent thin layer electrode (OTTLE) cell fabricated in-house (26) (Table 1) .
As revealed by EPR spectroscopy, the environment of the iron in the bacterial protein, as in eukaryotic transferrins, varies with the synergistic anion, and therefore suggests plasticity in the arrangement of protein ligands. All Fe 3ϩ nFbpX complexes gave rise to EPR spectra with signals centered near gЈ ϭ 4.29, as expected of high-spin Fe 3ϩ in a rhombic field (Fig. 1) . However, all of the spectra showed line broadening or unresolved splittings suggestive of an axial component in the zero-field tensor. Distortion of the signal from the isotropic line expected from completely rhombic Fe 3ϩ is least in the citrate complex and greatest in the arsenate and oxalate complexes, where incompletely resolved splittings are also present, reminiscent of the characteristic splittings in human transferrin (23, (27) (28) (29) (30) . The gЈ ϭ 4.3 dominant feature in the spectra of all complexes is most consistent with asymmetric hexacoordinate ligation, as in the structure of hFbp from H. influenzae (11 ) that varies with the exogenous anion by over one order of magnitude.
Fe 3؉͞2؉ nFbp Redox Potential in the Presence of Various Exogenous
Anions. An increasingly negative (reducing) potential was applied to an anaerobic cell containing an optically transparent electrode, the oxidized protein Fe 3ϩ nFbpX, and a mediator at pH 6.5. The characteristic broad absorption band associated with Fe 3ϩ nFbpX, centered in the range 465 to 485 nm depending on X nϪ (Table 1) , decreased in intensity with the application of increasingly negative potentials (E app ) over the range Ϫ100 to Ϫ400 mV. As the Fe 3ϩ bound to the protein is reduced to Fe 2ϩ , some dissociation occurs because of the increased lability of the reduced iron and its lower affinity for the protein. In the presence of a mediator, the equilibria involved in the OTTLE cell are as follows. The relationship between the concentration ratio of the oxidized to reduced form of the protein and the absorbance readings has been demonstrated (19, 26, 31) and can be used to create a Nernst plot as illustrated in Fig. 2 nFbpX. These intercepts correspond to the reduction step in reaction 6, followed by some degree of Fe 2ϩ dissociation in reaction 7. As such, the intercepts correspond to a reaction half potential, E 1/2 , rather than a true thermodynamic potential. These uncorrected potentials are listed in Table 1 (Table 1) . Furthermore, we have established that different anions will displace PO 4 3Ϫ from the native protein and that these anions act as electron pair donors, entering the primary coordination sphere of the Fe 3ϩ as monodentate or bidentate ligands. This is confirmed by the influence of X nϪ on the UV-Vis spectrum associated with ligand to metal charge transfer transitions and the EPR spectra associated with a highspin d 5 electron configuration for Fe 3ϩ . These findings further confirm the classification of nFbp as a bacterial transferrin, because a defining structural feature of all transferrins is the requirement of an exogenous anion for Fe binding (32) .
The phosphate displacement reaction illustrated in Eq. 4 shows that the protein can discriminate between exogenous anions with the following relative order of affinities at pH 6.5: phosphate Ͼ arsenate ϳ pyrophosphate Ͼ NTA Ͼ citrate ϳ oxalate Ͼ Ͼ carbonate (Table 1 ). This parallels the order of the pK a values (24) for the conjugate acid of the predominant form of these anions at pH 6.5, with the exception of NTA and carbonate, which does not bind to Fe 3ϩ nFbp below pH 8. If one considers the highest (last) pK a value for each anion for comparison, then only carbonate is out of order. This correlation is consistent with a hard oxygen electron pair donor binding to Fe Table 1 and reaction 5 shows a variation of over one order of magnitude. The crystal structures of mammalian transferrin (13-16) and Fbp (11, 12) show similar protein contributions to the first coordination shell of iron. In both cases, the protein provides two tyrosines and a histidine, with the fourth coordination site occupied by aspartate in mammalian transferrin, and glutamate in Fbp. This similarity in binding site between mammalian (Fe 3ϩ hTf) and bacterial transferrin further manifests itself in the Fe 3ϩ binding constant. The effective binding constant of the isolated N-lobe of transferrin measured aerobically at pH 6.7 with carbonate exogenous anion is 1. hTf (19, 26, 33, 34 Fig. 3 .
The affinity of nFbp for Fe 2ϩ
can not be directly measured because of the extreme sensitivity to trace amounts of O 2 caused by the negative redox potential, and relatively weak binding. The relationship in Eq. 8, ) in the presence of the different synergistic anions. These estimated binding constants are based on our spectroelectrochemical and KЈ eff results, and are therefore effective equilibrium constants and not strict thermodynamic constants. We are able to satisfy internal consistency requirements by calibrating our results using Eq. 9 (19) ,
and experimental redox potentials and stability constants for Model for in Vivo Outer Membrane-to-Cytosol Iron Transport. The conditions selected for our measurements (pH 6.5, 0.5 M Mes, and 0.2 M KCl) are designed to mimic the pH and ionic strength of the periplasmic space (36) so that our results can be applied to the in vivo performance of nFbp. The proposed function of nFbp is to control the movement of iron from the inside of the outer membrane to the outside of the inner membrane of pathogenic Neisseria, and to target iron delivery to the cytosol. This function may also include maintaining an available pool of iron in the periplasm for delivery to the metabolic machinery of the cytosol on demand (4, 5) . This process requires nFbp to acquire iron from Fe 3ϩ hTf at the outer membrane receptor and tightly sequester iron in its (ϩ3) oxidation state to prevent hydrolysis and precipitation, and then to release the iron at the appropriate time (based on cytosolic demand) and location (inner membrane receptor). This is illustrated in Fig. 4 .
The periplasmic space contains a number of different anions at relatively high concentrations (36) . We have established that, although the recombinant form of Fe 3ϩ nFbp is isolated with a PO 4 3Ϫ exogenous anion, stable forms of the protein exist with other anions through a facile anion exchange process. Whether multiple forms of the protein serve a biological function remains to be established. However, our data demonstrate that anion exchange modulates the thermodynamics of this iron transport system (KЈ eff and E 1/2 ) in ways that suggest in vivo relevance.
The first step in Fbp-mediated periplasm-to-cytosol iron transport is movement of iron from transferrin (Fe 3ϩ hTf) to Fbp across the outer membrane (Fig. 4, steps 1 and 2 (see above). The higher affinity of nFbp in comparison to hTf for Fe 2ϩ is consistent with movement of the reduced iron from transferrin through the membrane receptor to Fbp (Fig. 4, steps 2 and 3) . Once bound to Fbp, Fe 2ϩ would be rapidly reoxidized (negative E 1/2 values in Table 1 ) in the oxidizing environment of the periplasmic space and tightly sequestered by the protein (Fig. 4, step 4) .
Because the iron concentration in vivo is under stringent control for the proper metabolic processes to be carried out in the cytosol, Fbp must have the ability to release its iron at the inner membrane on demand. This process can be modulated by anion exchange in Fe 3ϩ nFbpX (Fig. 4, step 8 still demonstrates tight binding. An additional step in the iron release process is therefore probable and energetically feasible. All of the E 1/2 values for the Fe 3ϩ nFbpX studied lie above Ϫ300 mV (Table 1) and fall, therefore, within a range where reduction by NADH or NADPH may readily occur (Fig. 4, step 6 or 9) . Such a reduction would result in a loss of iron binding affinity of Ϸ12 orders of magnitude, facilitating release of iron to the cytosol (Fig. 4,  step 7 or 10) . Furthermore, as previously described, the ease with which this reduction may occur can be modulated by additional exogenous anion exchange. For example, the replacement of PO 4 3Ϫ by citrate shifts the E 1/2 positive by Ϸ115 mV (Table 1) , making the Fe 3ϩ reduction more energy efficient (by Ϸ11 kJ). Consequently, the delivery of iron to the cytosol may be influenced by the anionic composition of the periplasm (Fig. 4, steps  8-10) ; being advantageous if the environment of the bacterium changes and an efflux or influx of iron from the cytosol is required to protect the organism, or during variations in metabolic activities.
Conclusions
We have demonstrated that although an exogenous anion is required for tight binding of Fe 3ϩ by nFbp, a number of anions can satisfy this requirement. We have also demonstrated that the exogenous anion is bound in the first coordination shell of Fe 3ϩ sequestered to nFbp and can be exchanged for another environmental anion. This anion exchange process modulates the affinity of nFbp for Fe 3ϩ and the driving force for reduction to Fe 2ϩ . Because reduction of Fe 3ϩ results in a decrease in nFbp affinity by Ϸ12 orders of magnitude, reduction is an attractive hypothesis for iron release to the cytosol. Furthermore, with E 1/2 values that range above Ϫ300 mV, depending on the exogenous anion, reduction driven by a NAD cofactor is a reasonable hypothesis. In addition, because the ease of iron reduction is modulated by the nature of the exogenous anion, a periplasmic space rich in anionic diversity may play a role in controlling the periplasmic iron concentration and delivery of this essential nutrient to the cytosol. At the outer membrane, nFbp can not only tightly bind iron released by Fe 3ϩ hTf, but may also act as the Fe 2ϩ -sequestering agent required to shift the effective reduction potential of Fe 3ϩ hTf into the range where reduction by a NAD cofactor is feasible. The in vivo model (Fig. 4) based on our results reported here demonstrates that a combination of nFbp and exogenous anion in the primary coordination shell of iron serves to facilitate the maintenance of a periplasmic pool of iron that can be delivered to the cytosol on demand.
